Albinaria is an extremely species-rich genus of land snails, with about a hundred species occurring in limestone habitats in Greece. Among their predators are other terrestrial snails, namely Poiretia dilatata peloponnesica on the Peloponnese and P. compressa on the Ionian Islands. The elongated holes Poiretia make in shells were investigated in samples of empty Albinaria shells, in order to compare predation rates in different Albinaria populations. Another type of predation mark, frequently found on Albinaria shells, is a small, circular or nearly circular hole, made by an unknown organism. Poiretia predation rates reached up to 21% in the Albinaria populations studied and they were significantly higher in species with high rib prominence vs low rib prominence, as well as in sinistral species vs dextral species. Circular-hole predation reached up to 36%, but did not seem to be consistently connected with conchological traits. Marks made by P. compressa occurred most frequently on the abapertural side of Albinaria shells, whereas marks made by P. dilatata peloponnesica occurred most frequently on the apertural side. Circular-hole predation marks were located most often on the apertural side of Albinaria shells. Hybrids between Albinaria species generally seemed to suffer the same level of predation as one or both of their parent species. Predation pressure is substantial in the investigated populations and shows significant differences, but assessing its contribution to shell evolution requires more study.
INTRODUCTION
All organisms are shaped by evolution. Their morphology is under selection pressure by abiotic conditions of the environment and biotic interactions with other organisms. In particular, predators and prey exert selective pressure on each other. This may lead to various defensive adaptations in prey species, including behavioural, morphological and physiological defences. Predators in turn possess adaptations for catching and killing prey (Campbell & Reece, 2005) . Pairs of predator and prey species may co-evolve when the prey is under sufficient selective pressure to evolve defensive adaptations against the predator and also exerts sufficient pressure on the predator to overcome its defence by evolving counter-adaptations (Vermeij, 1987) . These conditions are usually only met when the predator is highly prey-specific.
The land snail genus Albinaria (Clausiliidae: Alopiinae) is extremely species-rich, including more than 100 species (Nordsieck, 2007; Welter-Schultes, 2012 ). The family is characterized by the presence of a door-like structure in the aperture, the clausilium. Albinaria originated about 10 Ma (Uit de Weerd & . Their shells are high-spired and usually sinistrally coiled.
The clausilial apparatus (CA) is either of the G-type, which seals off the aperture entirely, or of the N-type, which leaves a bypass canal within the aperture. Some species have very prominently ribbed shells, whereas others have smooth shells. The snails occur in arid limestone habitats in Greece, southern Albania, Cyprus and western and southern coastal Turkey, where they feed on microflora and algae. They aestivate during the hot summers, either by adhering to open rock faces or by hiding in crevices or on the ground. During aestivation, they usually form a thick epiphragm to seal off the aperture. The species usually have narrow distributions. The genus displays an impressive diversity in conchological and anatomical characters among species, but also among populations. In contrast, the morphological variation within populations is usually surprisingly small (Gittenberger, 1991) . Intraspecific COX1 sequence divergence in Albinaria is also quite low, compared with that of other pulmonate genera (Parmakelis, Kotsakiozi & Rand, 2013) .
The existence of such a large number of species within the genus Albinaria, having originated in a geologically short period of time, could justly be described as an evolutionary radiation. This radiation, however, does not conform to the concept of adaptive radiation, because all Albinaria species apparently occupy the same ecological niche or a very narrow range of niches. In any case, the small amount of niche differentiation within Albinaria does not parallel the range of morphological differentiation. Hence, Gittenberger (1991) proposed the term 'non-adaptive radiation' for this pattern. Albinaria species usually occur allopatrically, with no more than two species occurring syntopically. Neighbouring species may differ in morphology while occupying apparently identical niches. While these differences might reflect cryptic differences in the abiotic environment, it is possible that differences are affected by sexual selection, genetic drift or biotic interactions. In particular, the effects of locally significant predator pressure might influence morphology.
This study aimed to gain more insight into the interactions between Albinaria snails and their predators in order to assess the contribution of predation to speciation and morphological differentiation within the genus. Predators other than vertebrates usually have to make holes in the shells of Albinaria to gain access to the snails' tissues, as the snails will retract and close off their apertures with their clausilium when they are under attack. These holes are distinctive for each type of predator (Schilthuizen, Kemperman & Gittenberger, 1994) , which enables us to estimate predation rates in Albinaria populations by collecting empty shells.
Drilus beetle larvae are important predators of Albinaria, but this interaction has already been considered elsewhere (Schilthuizen et al., 1994; Baalbergen et al., in press ). Here, we consider predation by Poiretia snails and an unknown organism making circular holes (Schilthuizen et al., 1994 ). An initial investigation of the circular holes was published by Ö rstan (1999), who suggested that these holes were made by a predator or a parasite.
If predation pressure has acted as a selective agent for shell features in Albinaria, then co-occurring Albinaria populations that differ in conchological characters should show differences in predation rates. To find out if predation rates were correlated with specific shell characters, species pairs were selected that differed in rib prominence, chirality or CA type and also co-occurred at rare zones of overlap or hybridization between the two species. For each of these three shell characters, we attempted to sample at least two replicates of species pairs. If species with a specific shell character consistently showed higher predation rates, then this shell character might be maladaptive in the face of predation.
MATERIAL AND METHODS

Sample collecting
Locations on the Peloponnese and Kephallinia, Greece, were explored and small samples were collected by MS and Sinos Giokas in July and August 2011. Suitable locations were selected for the presence of multiple syntopic species of Albinaria, differing in conchological characters and preferably hybridizing, to investigate the presence of hybrid inferiority or superiority. Locations with high densities of Albinaria shells and high predation rates were also preferred. Large samples of empty Albinaria shells were collected at selected locations during fieldwork in Greece, from 5 to 21 September 2011, by Els Baalbergen, Rense Schelfhorst and RAH. These samples and the small samples collected at these locations during the exploratory fieldwork were all used in this study and are listed in Table 1 . Samples from the same approximate location, with the same location name in Table 1 , were combined. Authorities for all Albinaria species used, along with the combined samples in which they are present, are given in Table 2 . The distance between the most distant sampling points within combined samples ranged from 10 m in Nemea and Astros wetland, to 600 m in Lagia and averaged 215 m. During the exploratory sampling, broken specimens were not collected but, during the collection of large samples, broken specimens were collected unless the aperture was broken off. Only one species of Albinaria was present in the sample from Astros wetland (M4 and 130903), so this combined sample was not used in species comparisons. In the sample from Nemea (MNemea and 120901) a species of the closely related clausiliid genus Idyla, namely I. bicristata (Rossma¨ssler, 1839) co-occurred with a species of Albinaria, so the Idyla species was treated similarly to an Albinaria species.
Sample treatment
Albinaria specimens were separated from non-Albinaria specimens, which were not processed further in this study, except for Idyla in the Nemea sample. Juveniles were separated from adults and the juveniles were not processed further, because species assignment is more difficult, especially in samples from hybrid zones, and because predation on juveniles did not necessarily involve production of a hole in the shell, the juveniles being more easily attacked through the aperture. Broken specimens were processed, as long as most of the aperture and the body whorl were present. Specimens with their shell covered in dirt were cleaned by soaking them in water and brushing them with a toothbrush. Specimens of different species were separated. Samples from locations within hybrid zones were separated into the two parent species and hybrids, by assigning hybrid scores to all specimens. Hybrid scores were assigned by examining the shell characters in which the two parent species differed and deciding if the characters were the same as in one or the other parent species, or intermediate (see Supplementary Material for description of method of assigning hybrid scores).
All shells were examined for the presence of predation marks other than the oval holes made by Drilus larvae. Poiretia predation marks are recognizable as an elongated hole on one side of the shell, where two to three whorls appear to be eroded away, while the rest of the shell showed no sign of erosion (Fig. 1A) . A failed or incomplete Poiretia predation mark differs from the normal mark in that the shell is not eroded all the way through, so that there is no hole present, only an elongated abrasion on the shell surface.
The typical circular holes made by an unknown organism termed Circular Hole Organism (CHO) are rather small, about 0.3 mm in diameter (Fig. 1B, C) . They either narrow inwardly or have straight edges. Failed circular holes are tiny pits in the shell surface, with inwardly narrowing, concave edges.
Other predation marks were also observed, in which the spire was broken in a spiralling pattern, with the columella still intact. This damage was probably caused by mice or other rodents, or by large carabid beetles (Schilthuizen et al., 1994) . As this kind of predation mark was only observed in a few shells, it was not treated further. Shells with this kind of damage were counted as broken specimens.
Predation rates were assessed by counting the number of specimens affected by each predation type, out of the total number of specimens of one species in the sample. For different species within the same samples, as well as hybrids, these numbers were tested pairwise against each other using Fisher's exact test in R. In samples with hybrids, a sequential Bonferroni correction was applied for each set of three tests.
The locations of predation marks on the shells of Albinaria were investigated to gain insight into the predator's behaviour. As done by Schilthuizen et al. (2006) and Liew & Schilthuizen (2014) , the surfaces of prey shells were divided into sectors, in this case four: apertural, right, abapertural and left. When comparing the locations of Poiretia predation marks, samples from Poros and Arginia were analysed separately from samples from Monemvasia, Gerolimenas and Lagia, because Poiretia compressa (Mousson, 1859) was present in Poros and Arginia, whereas P. dilatata peloponnesica (Subai, 1980) was present in the other samples. The chi-squared test of goodness of fit in R was used to test whether the predation marks were equally distributed over Samples starting with M were collected during preliminary fieldwork in Greece in July and August 2011, other samples were collected in Greece in September 2011. Samples starting with M lack elevation data and habitat descriptions, but these samples were usually collected over the whole range of the other samples collected at the same location. Samples with the same location name were collected at the same approximate location and were combined in the analyses. Successful and failed CHO predation marks were measured in A. discolor and A. adriani in sample 160901 and in A. discolor, A. campylauchen and A. discolor Â A. campylauchen hybrids in sample 180901. All undamaged CHO predation marks in these samples were measured with an ocular micrometer at a magnification of 64Â. Shells were held so that the measured hole was in a horizontal plane. The hole was measured at the shell surface, by its outward edges. As the holes were usually not perfectly circular, the length of the hole was measured at the major axis, where the edges of the hole were furthest apart, then the width was measured at the minor axis, perpendicular to the major axis.
RESULTS
The elongated holes with eroded edges on Albinaria shells were consistent with Poiretia predation marks. There were also shells with small, circular holes, described as CHO predation marks.
Shells of Poiretia compressa were found in samples from Poros and Arginia, whereas shells of P. dilatata peloponnesica were found in samples from Gerolimenas and Lagia. Poiretia predation occurred in the samples from Poros, Arginia, Monemvasia, Gerolimenas and Lagia and was highest in Albinaria schuchii from Gerolimenas, reaching 21% ( Fig. 2 and Supplementary Material) . In all these samples except that from Monemvasia, there was a significant difference in the predation rates between the two Albinaria species. In samples from Poros and Arginia, A. adrianae suffered a higher predation rate than A. contaminata and in those from Gerolimenas and Lagia, A. schuchii suffered a higher predation rate than A. gerolimena and A. voithii, respectively. Albinaria gerolimena showed a higher proportion of broken specimens than A. schuchii (Supplementary Material), so that a higher proportion of predation marks may have been missed, but it is unlikely that a significant number of Poiretia predation marks were missed, because of their large, elongated shape and recognizable edges. Failed Poiretia predation marks occurred very rarely (Supplementary Material). The highest rate was only 1.3% of shells, in A. adrianae from Arginia.
CHO predation occurred in all samples, ranging from 0.15% in Idyla bicristata from Nemea to 45% in A. gerolimena from Gerolimenas (Fig. 3 ). There were significant differences between syntopic prey species in samples from Monemvasia and Gerolimenas, where A. campylauchen had a higher rate than A. discolor and A. gerolimena had a higher rate than A. schuchii, respectively. Failed CHO predation also occurred in all samples, but it did not occur in I. bicristata from Nemea (Supplementary Material). The highest rate was 31% in A. contaminata from Poros. Albinaria grisea had a significantly higher rate than I. bicristata from Nemea, but this result was based on only two specimens. In the sample from Monemvasia, A. campylauchen again had a higher rate than A. discolor. In that from Lagia, A. schuchii had a higher rate than A. voithii.
The success rate of CHO predation differed significantly among the species pairs from Poros, Arginia and Gerolimenas (Supplementary Material). In Poros, the success rate was higher in A. contaminata, yet in Arginia, it was higher in A. adrianae. In Gerolimenas, the success rate was higher in A. gerolimena than in A. schuchii. The predation rate in hybrids was either not significantly different from one or both of the parent species, or it was intermediate between the two parent species. It was never significantly higher or lower than in either of the parent species.
Marks made by P. compressa occurred more frequently on the abapertural side of Albinaria shells in Arginia and Poros (Fig. 4A) . Marks made by P. dilatata peloponnesica occurred more frequently on the apertural side of Albinaria shells in samples from Monemvasia, Gerolimenas and Lagia combined (Fig. 4B) . The distributions of marks made by P. compressa and P. dilatata peloponnesica differed significantly from each other (P ¼ 0.0000063). In all samples combined, CHO predation marks were located more often on the apertural side (Fig. 4C ). Successful and failed CHO predation marks were on average quite small (Fig. 5) . Their average length/width ratio was 1.10, so they were nearly perfectly circular. Failed marks were on average smaller than successful marks.
DISCUSSION Poiretia snails
We interpret some of the predation marks found in Albinaria shells as made by Poiretia snails. Poiretia is the only extant European genus within the Oleacinidae, of which the other members are found in Central America and the Caribbean. As far as is known, all Oleacinidae are carnivorous, feeding on other snails (Barker & Efford, 2004) . Poiretia snails possess several morphological traits that have been linked to carnivory in Pulmonata: elongation of the radular teeth, enlargement of the buccal mass, reduction in the jaw, simplification of the digestive tract, elongation and posterior placement of the shell and enlargement of the suprapedal gland (Barker & Efford, 2004) . Although Barker & Efford (2004) suggested that these traits may not be true adaptations to carnivory, since they could result from phylogenetic constraints and selective processes not involving diet, it nevertheless seems justified to characterize the morphology of Poiretia as that of a typical carnivorous snail.
In Greece, Poiretia is represented by P. compressa in Kephallinia and the northwestern Peloponnese and by P. dilatata (Philippi, 1863) in the southern Peloponnese and western Crete (WelterSchultes, 2012) . Poiretia dilatata in the Peloponnese is classified as the subspecies P. dilatata peloponnesica.
In Kephallinia, Ithaca and the western part of Crete, Schilthuizen et al. (1994) reported observations of P. compressa attacking Albinaria contaminata as well as the occurrence of Albinaria shells that had been scraped along one side, which was inferred to have been caused by Poiretia snails. It was thought that Poiretia made these holes by scraping with its radula. However, in 2007 an observation by Fabio Liberto was posted on the online forum naturamediterraneo.com (http://www.naturamediterraneo.com/ forum/topic.asp?TOPIC_ID=33867, last accessed 6 May 2014), of a Poiretia dilatata attacking Pomatias elegans by sitting on its shell for 2 d and dissolving it by an acid secretion from its pedal gland, instead of scraping it with its radula.
Poiretia predation rates reached up to 21% in the Albinaria populations studied. Predation rates were consistently different in Albinaria populations with different shell characters. They were significantly higher in species with high vs low rib prominence, as well as in sinistral vs dextral species. Perhaps a strongly ribbed shell is easier for a Poiretia to hold on to when its prey tries to escape, but it might also be that there are differences in the microhabitat preferences of A. adrianae and A. contaminata and that the microhabitat preference of P. compressa has more overlap with that of A. adrianae than that of A. contaminata.
The greater predation rate of Poiretia in sinistral prey may indicate that Poiretia snails are better adapted to handling sinistrally coiled Albinaria snails, because this is the common coiling direction for Albinaria species. Prey preference based on chirality has been shown before, for instance in pareatid snakes predating Satsuma snails (Hoso et al., 2010) . However, P. dilatata peloponnesica also predates other snail species, such as Lindholmiola lens and Pomatias elegans, which are dextral and also have very different shell shapes. Therefore, its preference for A. schuchii over A. gerolimena and A. voithii might be unconnected with chirality, and instead result from size or microhabitat preference. Marks made by P. compressa occur most frequently on the abapertural side of Albinaria shells. In contrast, marks made by P. dilatata peloponnesica occur most frequently on the apertural side of Albinaria shells and the difference between these two distributions is strongly significant. This might reflect a difference in predation behaviour between the two predator species, because the apertural side of the shell usually rests on the substratum, whereas the adapertural side is exposed.
Circular hole organism
The circular perforations ascribed to the CHO were also described by Schilthuizen et al. (1994) and are most likely the result of predation or parasitism, because multiple holes can sometimes be found in one shell, but repaired holes are hardly ever found. Nematodes, perhaps of the family Mermithidae, or other worms were suggested as candidates (Schilthuizen et al., 1994) . Carnivorous snails of the families Oxychilidae and Gastrodontidae should also be considered, as some species have been observed to make holes (Barker & Efford, 2004) . The oxychilid snail Eopolita protensa was observed to attack juvenile Albinaria in Greece (Schilthuizen et al., 1994) so, although it is not known to make holes, it should also be considered as a candidate.
CHO predation reached up to 36% in the Albinaria populations studied. There are many significant differences in predation rates between syntopic populations, but they do not seem to be consistently connected with conchological traits. CHO predation marks are located most often on the apertural side of Albinaria shells. Because the apertural side usually rests on the substratum in live snails, this result might suggest that the CHO is small, able to crawl between the shell and the substratum to make a hole. Ö rstan (1999) investigated the distribution of the circular holes per whorl and found that the majority were located on the penultimate and antepenultimate whorl, so that the CHO attacks the snail directly instead of having to pass the clausilium.
Successful and failed CHO predation marks are on average smaller than holes made by Drilus. Data on Drilus holes were given by Baalbergen et al. (in press) . Drilus holes have a higher length/width ratio than CHO holes, but it is still higher than 1 in CHO holes, so they are not perfectly circular. There is some overlap in size between small Drilus holes and CHO marks, so when assigning small holes to hole types, special attention should be paid to the qualitative characteristics of the holes. The CHO holes either narrow inwardly or have straight edges. Drilus holes are oval, the entrance holes narrow inwardly and the exit holes narrow outwardly, but this is sometimes only true for one side of the holes. The size range of circular holes, 0.11 -0.44 mm, is slightly larger than the range found by Ö rstan (1999), which was 0.114-0.342 mm.
Hybrids
Hybrids could be expected to suffer higher predation rates than their parent species, if the shells of each parent species were optimized against predation by their own specific set of defensive characters and if a mixture of these characters were less optimal. This is referred to as hybrid inferiority (Harrison, 1993) . Giokas, Mylonas & Sotiropoulos (2000) found indirect evidence of hybrid inferiority in the hybrid zone at Monemvasia, where alleged hybrids showed a (non-significantly) higher mortality during aestivation. A mixture of characters could also be more successful, a case of hybrid superiority, and the fitness of hybrids predicts the evolutionary fate of a hybrid zone (Harrison, 1993) . Here, the predation rates in hybrids were never significantly higher or lower than in both of the parent species. Instead, they were similar to the predation rates on one or both of the parent species or intermediate between them. No evidence for hybrid inferiority or superiority was found.
Conclusions
The results obtained in this study, although inconclusive in some respects, bring us one step further in assessing the role of predation in the evolution of shell characters and speciation in Albinaria. Predation pressure is substantial in the investigated populations, but it is difficult to demonstrate that specific shell characters are anti-predator adaptations by assessing predator preferences. Hybrids between Albinaria species generally seem to suffer the same level of predation as one or both of their parent species. The predation rate is never significantly higher than in either parent species, which indicates that the shell shapes of the parent species may not represent two alternative optimizations against predation. This outcome, however, could be influenced by the small sample sizes of hybrids. Shell characters may also be under strong selection by abiotic conditions. The different aestivation behaviour observed among Albinaria species exposes them to different conditions and may consequently contribute to the diversity in shell morphology. The predators themselves seem to be well able to overcome the defences of Albinaria by making holes in their shells.
Future work
This study provides preliminary insights into the evolutionary interactions between Albinaria snails and their predators, which can be used as a basis for further investigations. Prey preference in Poiretia could be investigated further by sampling more populations of Albinaria and by setting up choice experiments. Its predation behaviour should be observed to clarify the method by which it creates holes in shells. The identity of the CHO remains unknown. In order to catch this organism in the act, attention should be paid during fieldwork to all other organisms present in the habitat of Albinaria snails. The fact that it has not been found to date, suggests that it is probably a small organism, or only active during specific periods of time, e.g. during rainfall, at night or in the middle of winter. It may well be a snail or a slug, so all species of snails and slugs co-occurring with Albinaria, with special attention to small, carnivorous species, could be tested for predation on Albinaria by keeping them in a laboratory. More research on the complex interactions between Albinaria and its main predators will hopefully enable us to assess the contribution of predation as a selective force in Albinaria speciation.
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